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Abstract 
Because of the stringent safety criteria evolved after the Fukushima accident, it is necessary to ensure the 
availability of the Safety Graded Decay Heat Removal (SGDHR) system even under Beyond Design Basis Event 
(BDBE). Towards ensuring the availability of the SGDHR system for the decay heat removal, the structural integrity 
of the SGDHR piping system has been demonstrated under BDBE by testing. Accordingly one of the typical full 
scale SGDHR pipe bend have been tested towards the assessment of the seismic margin available in the design of 
PFBR SGDHR piping system. Maximum load carrying capacity of this pipe bend was demonstrated as 2.9 times of 
the maximum potential EQ possible at the PFBR site with a return period of once in 106 years without any loss of 
structural integrity. This test results ensures the availability of the SGDHR piping system even under BDBE for the 
decay heat removal without getting any compromise on the loss of structural integrity of the piping system.  
Numerical analysis also carried out to understand the overall stress distribution and also to compare the 
experimental results. It indicated that, the crown experiences highest tensile stress and intrados portion under 
compressive stress upon typical in-plane bending moment. The comparison of the numerical analysis and the 
experimental result for the collapse behaviour matches perfectly within the elastic portion. Slight deviation observed 
in the plastic region may be due to ther eason that, the material property taken for the numerical analysis was based 
on the uni-axial data. But the experimental results are multi axial in nature. The small difference could have been 
improved by applying the multi axial material property data for the numerical prediction. In the present analysis 
numerical results over predicts the plastic deformation.  
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1. Introduction 
Safety Graded Decay Heat Removal (SGDHR) piping system is used to remove decay heat, when the normal 
decay heat removal path is not available during incidents such as offsite power failure [1].  It is the only safety 
graded passive direct reactor cooling system present in the 500 MWe Prototype Fast Breeder Reactor (PFBR).  It 
consists of four independent loops. Among the four loops, two loops runs from the Reactor Containment Building 
(RCB) to Steam Generator Building-1 (SGB-1) and the other two loops runs from the RCB to SGB-2. The general 
assembly layout of the SGDHR main system is shown in Fig.1.  
 
Because of the stringent safety criteria evolved post Fukushima accident, it is necessary to ensure the availability 
of the SGDHR system even under Beyond Design Basis Event (BDBE). Towards ensuring the availability of the 
SGDHR system for the decay heat removal, it is necessary to ensure the structural integrity of the piping system 
under BDBE. Accordingly the efforts have been taken to check the structural integrity of the SGDHR piping system 
under BDBE. Bends are the weakest link in the piping system. Hence one of the typical full scale SGDHR pipe bend 
Fig.1: General assembly layout of SGDHR main and fast dump piping circuit in SGB-1. 
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have been tested at the Structural Mechanics Laboratory (SML) towards the assessment of the seismic margin 
available in the design of PFBR SGDHR piping system. The test details and the results are presented in this paper. 
2. Test Specimen Selection 
The SGDHR main line piping system of 200 NB pipe size is fabricated by rolled from plates joined by welding 
pipe bend such that Outer Diameter (OD) of the pipe is 219.4 mm diameter and thickness is 4 mm. The SGDHR 
piping system is the longest large size piping system available in the 500 MWe PFBR. One of the critical pipe bend 
from this piping layout has been selected for the testing. Accordingly selected test specimen has the bend radius of 
304.8 mm (1.5D) with a straight length portion of 250 mm to take care of the edge effect. 
3. Experimental Investigation 
One of the typical SGDHR pipe bend selected as mentioned in paragraph 2.0 has been tested for the in plane 
bending moment.  The test details are presented below: 
3.1 Test facility 
The test facility mainly consists of a double acting hydraulic jack, load cell with indicator and supporting 
structure. Long stroke (300 mm) double acting hydraulic actuator of 30 t capacity is used for this purpose. The 
photograph of the test arrangement is shown in Fig.2. This experiment conducted at room temperature condition. The 
maximum load carrying capacity of the pipe bend is tested against the in-plane bending moment using this facility. 
In plane bending moment has been applied to the pipe bend using the linear actuator. The applied load and there by 
the bending moment is measured using the attached load cell and its indicator. The bending moment has been 
applied till the collapse of the pipe bend. 
 
3.2 Experimental Observations 
The pipe bend has been subjected for bending moment using the applied load by the actuator. The applied load 
and the displacement of the pipe bend at the location P (shown in Fig.2) is presented Fig.3.  In this diagram O-A-B 
represents the loading region and B-C indicates the unloading region. The load – deflection diagram become flat after 
A, is an indication of the loss of load bearing capacity of the pipe bend. Thus the pipe bend exhibits sudden increase in 
deformation beyond the point A. The load - deflection curve remains horizontal after the collapse is due to the fact that 
the test has been carried out in the load controlled manner. The maximum load withstands by the bend without collapse 
Fig.2: Test arrangement of the SGDHR typical pipe bend. 
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was 4.5 t. This 4.5 t of the load at the location P (from Fig2) will create a bending moment, which is responsible for 2.9 
times of the maximum potential EQ possible at the PFBR site with a return period of once in 106 years (SSE). From 
the Fig.3, BC indicates the elastic unloading. There is a slope difference between the loading (OA) & unloading (BC). 
This reduction in slope for the loading and unloading is an indication of the degradation of the load carrying capacity of 
the pipe bend upon plastic collapse.  
 
Upon the application of the in-plane bending moment the circular cross section of the pipe bend becomes oval. 
The crown portion of the pipe bend has displaced outward and the intrados has displaced inward. This difference in 
displacement of the pipe bend cross section variation resulted the cross section from circular to elliptical as shown in 
Fig4a.  
 
 
The ovality variation has been measured every stages of the loading and the respective ovality of the cross 
section is plotted and presented in Fig.4b. From Fig 4b, the portion OA represents the proportional change in cross 
section. Beyond A, there is an abrupt change in ovality (pipe cross section ovality of the 9 % (At A from Fig.5) varies 
instantaneously to 25 %). It is an indication of the plastic collapse of the pipe cross section. The residual ovality 
observed at the end of the test was 16%. It is found after unloading of the pipe bend (At C from Fig.5). 
Fig.3: Load – deflection diagram of the typical SGDHR pipe bend. 
Fig.4: Ovality variations during the application of inplane loading to the typical SGDHR pipe bend. 
b). Load vs Ovality a). Ovality measurement 
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4. Numerical Analysis 
Finite element analysis has been performed before conducting the experiment to understand the overall stress 
distribution of the chain under load condition and also to identify the critical location. ABAQUS software has been 
used for the finite element simulation.  The pipe bend been modelled as 3D shell elements. Both material and 
geometrical nonlinearity has been considered for the simulation. Elasto-plastic material properties of SS 316 LN 
obtained from the RCC MR appendix-A3 [] is used for simulating the material non-linearity. The upon the in-plane 
loading the various stress distribution stress distribution along the circumferential direction of the pipe bend is shown in 
Fig.5.   
 
 
The above stress pattern obtained for the test specimen for the typical in-plane loading condition.  The results 
indicated that, the crown and the extrados portion of the pipe bend is under tensile stress and the intrados is under 
compressive load.  Among the tensile region, the crown experiences highest tensile upon the typical in-plane bending 
moment. Hence the possibility of crack initiation is possible at the crown location and the crown location and the 
possibility of collapse is predicted in the intrados portion.  
The FEM analysis further extended for predicting the collapse behavior. The results are presented in Fig.6. The 
results indicated that the pipe bend collapse at the intrados (Fig.6 a). The load displacement diagram obtained location 
–P from Fig.2 is presented in Fig.6 a. Since the numerical analysis has done for the deformation controlled mode, the 
obtained load-deflection curve is mimicking the trend exhibited by the material properly curve [3] used for the 
analysis. 
 
Fig.5: General assembly layout of SGDHR main and fast dump. 
a). von-Mises Stress Distribution  
b). Hoop Stress Distribution  
c). Longitudinal Stress Distribution 
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5. Comparison of the experimental and the numerical results 
The comparison for the experimental and the numerical prediction is presented in Fig.7.  
 
 
Fig.6: Results of the numerical analysis. 
a). Collapsed condition deformed shape b). Load-Deflection Diagram 
Fig.7: Comparison of the results from the numerical and experimental methods. 
a). Load vs displacement diagram a). Load vs ovality variation 
By Experiment 
By Numerical 
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The load vs displacement (Fig.7a) and the load vs ovality (Fig.7b) obtained from the experimental and numerical 
methods have been compared and presented in Fig.7. The results are in good agreement with the numerical results. 
The elastic portion matches perfectly with the numerical results. Slight deviation found in the numerical results with 
the experimental results. It may be due to the reason that, the material property [2] taken for the numerical analysis is 
based on the uni-axial data. But the experimental results are multi axial in nature. The small difference could have 
been improved by applying the multi axial material property data for the numerical prediction. In the present analysis 
indicated that, the numerical results over predicts plastic deformation.     
6. Conclusion 
Because of the stringent safety criteria evolved after the Fukushima accident, it is necessary to ensure the 
availability of the SGDHR system even under BDBE. Towards ensuring the availability of the SGDHR system for the 
decay heat removal, the structural integrity of the SGDHR piping system has been demonstrated under BDBE by 
testing. Accordingly one of the typical full scale SGDHR pipe bend have been tested towards the assessment of the 
seismic margin available in the design of PFBR SGDHR piping system. Maximum load carrying capacity of this 
pipe bend was demonstrated as 2.9 times of the maximum potential EQ possible at the PFBR site with a return 
period of once in 106 years without any loss of structural integrity. This test results ensures the availability of the 
SGDHR piping system even under BDBE for the decay heat removal without getting any compromise on the loss of 
structural integrity of the piping system. At this condition the circular cross section of the pipe bend becomes 
elliptical.  
Numerical analysis also carried out to understand the overall stress distribution and also to compare the 
experimental results. Results indicated that, the crown experiences highest tensile stress and intrados portion under 
compressive stress upon typical in-plane bending moment. Hence crack initiation is possible at the crown location 
and the possibility of collapse is predicted in the intrados portion. It is in line with the experimental results.  The 
comparison of the numerical analysis and the experimental result for the collapse behaviour matches perfectly within 
the elastic portion. Slight deviation observed in the plastic region may be due to the reason that, the material property 
taken for the numerical analysis was based on the uni-axial data. But the experimental results are multi axial in 
nature. The small difference could have been improved by applying the multi axial material property data for the 
numerical prediction. In the present analysis indicated that, the numerical results over predicts plastic deformation.     
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